INTRODUCTION
The effective viscosity of a suspension of particles in a fluid medium is greater than that of the pure fluid, owing to the energy dissipation within the electrical double layers.
This phenomenon is known as the electroviscous effect and is usually divided into three distinct classes depending on its origin (1, 2) : primary, secondary, and tertiary, respectively.
The primary electroviscous effect arises from the deformation of the electrical double layer due to the shear field. The contribution to the viscosity is, in this case, proportional to the volume fraction of the suspended particles.
The secondary electroviscous effect is caused by an electrostatic interparticle interaction which results from the overlap of the electrical double layers of neighboring particles. The contribution to the viscosity of the suspension is proportional to the square of the volume fraction.
The tertiary electroviscous effect is due to a change in the size or shape of the particle.
From a theoretical point of view, the first-order effect has been extensively studied (3) (4) (5) (6) (7) (8) (9) (10) (11) , but the scarce experimental results (12) (13) (14) (15) (16) (17) show that the agreement is very poor. Consequently, it is neccesary to conduct an extensive experimental study on 1 To whom all correspondence should be addressed at Departamento de Física Aplicada II, E.T.S. de Ingenieros Industriales, Universidad de Málaga, Campus de El Ejido, E-29013 Málaga, Spain. Fax: +34-952-131450. E-mail: fjrubio@uma.es.
this subject with enough data, with different systems, and by controlling the experimental conditions required by the various theories, to determine their validity. Polystyrene suspensions have been used as a model colloid mainly due to their spherical shape and monodispersity (13, 16, 17) and other systems, like silica (15) , have been studied due to the small size of the particles.
In this work we study the first-order effect of alumina suspensions. This system shows specific adsorption of counterions onto the surface particles (18) which, despite its nonregular morphology, is an adequate condition for checking the validity of the primary electroviscous effect theories that consider the existence of a dynamic Stern layer at the solid-liquid interface (10, 11) . As a first step in a series of experimental works on this and other systems we have studied here the volume fraction of the particles and the concentration of indifferent electrolyte effects.
EXPERIMENTAL
The alumina used here was γ -Al 2 O 3 manufactured by the Goodfellow Cambridge Ltd. (England). This material is presented as a powder with a purity of 99.995%. In order to remove soluble salts and other impurities, the alumina was dialyzed in deionized water for 7 days, with the deionized water being changed at the beginning and end of each day (19) . Thereafter, the alumina suspension underwent sedimentation for 24 h. The suspension thus obtained was filtered through a filter with a pore size of 0.1 µm and dried in order to store it in dry form to avoid contamination from trace impurities from electrolytes or water and soluble silicate. The shape and morphology of the alumina particles were determined by electron microscopy. The images showed that the particles are highly ordered crystalline grains with distinct planar faces.
The apparent specific surface area BET (20) of these particles was determined by N 2 adsorption at 77 K, by using an Autosorb-1 (Quanta Chrome) apparatus. The result was 142 m 2 /g. The isoelectric and zero charge points for the KCl electrolyte were determined elsewhere (18) and coincide (pH 9.2), which means that this is an indifferent electrolyte for the alumina.
The electrophoretic mobilities of the alumina particles were obtained with a Zetasizer 2000 (Malvern Instruments) by taking the average of at least six measurements at the stationary level in a cylindrical cell. The viscosity of the suspensions was determined with a Ubbelohde-type (Schött-Gerate) capillary viscometer using deionized water at 20 and 30
• C for the determination of the calibration constants of the apparatus. As the effect of the presence of the particles on the viscosity of the suspensions is low, at these low concentrations, the uncertainties associated with the manual determination of the efflux time in the viscometers may easily mask the actual viscosity variations. For this reason we have used an automatic system for recording the time (AVS310, Schött-Gerate).
To obtain the dynamic viscosity of a suspension it is necessary to know its density. The magnitude was obtained with a DMA-58 densimeter (Anton Paar).
All experiments were performed at 25.00 ± 0.02
RESULTS AND DISCUSSION
The various equations describing the electroviscous effect of dilute suspensions can all be expressed in the form,
where η is the viscosity of the suspension, η 0 is the viscosity of the solvent, φ is the volume fraction of solid particles, and k 1 is a constant whose value depends on the geometry of the particles (Einstein (21) obtained k 1 = 2.5 for spherical particles) and the existence of interactions between particles (Happel (22) obtained k 1 = 5.5 for spherical particles with long-range interparticle interactions). Finally, p is the primary electroviscous coefficient which is a function of the charge on the particle or, more conventionally, the electrostatic potential, ζ , on the "slipping plane" which defines the hydrodynamic radius of the particle, and properties (charge, bulk density number, and limiting conductance) of the electrolyte ions. Equation [1] suggests that, maintaining p constant, η must depend linearly on φ if only a first-order electroviscous effect exists. In order to check this possibility the relative viscosity of the suspensions, η rel = η/η 0 , has been plotted in Fig. 1 against the volume fraction of the solid until the upper limit of φ = 0.01. Only three electrolyte concentrations have been shown for comparison. Figure 1 shows that straight lines adjust to the experimental points, which means that only a primary electroviscous effect has been found at these low volume fractions. It is observed that the higher the electrolyte concentration the lower the slope of the curves. This result is in qualitative agreement with the theoretical predictions, because an increase in the electrolyte concentration implies a decrease in the thickness, 1/κ, of the electrical double layer,
where r is the dielectric constant of the liquid medium, 0 is the vacuum permittivity, e is the proton charge, kT is the Boltzmann energy, and n i and z i are the concentrations and the valencies, respectively, of the various ionic species in the solution, far away from any particle. The slopes of the different curves in Fig. 1 correspond to the full electrohydrodynamic effect, k 1 + k 1 p, where the first term expresses the hydrodynamic effect, and the second is the consequence of the distortion of the electrical double layer that surrounds the particles. To determine this second term and, more exactly, the primary electroviscous coefficient, p, we need to know the first. Alumina particles do not have a regular geometry and therefore it is not possible a priori to know the value of the constant k 1 . However, Eq. [2] shows that at high electrolyte concentrations, the double-layer thickness is small and its distortion could be neglected ( p → 0). Therefore, the slope of the corresponding curve will only express the hydrodynamic effect (k 1 ). Consequently, we have plotted in Fig. 2 the slopes of the different curves against the electrolyte concentration of the liquid medium. An exponential curve fits the points, and the asymptotic value that appears at high electrolyte concentrations has been taken as the k 1 value. In this way, k 1 = 24.5 has been obtained for these alumina suspensions.
When the constant k 1 is known, the primary electroviscous coefficient can be determined. The results are shown in Table 1 . As we can see, this magnitude decreases when the electrolyte concentration increases, which is an expected behavior. This is not the case for polystyrene suspensions where at low electrolyte concentrations it is observed that p increases when the electrolyte concentration increases (17) . In order to compare the experimental results with the theoretical predictions, we have calculated the primary electroviscous coefficient by using the most advanced theoretical approach, due to Watterson and White (8) .
Although the theory is formulated for an insolated spherical particle, we consider that the geometry effect was taken into account in the k 1 value. The ζ -potentials obtained from electrophoretic mobility data applying the O'Brien-White theory (23) have been used to calculate the primary electroviscous coefficients with the Watterson-White theory (8) . These results appear in Table 1 . Both theories start from the same basic assumptions and equations, as it is neccessary to use the results obtained from one (23) in the determination of the parameters calculated with the other (8) . The theoretical p values obtained this way understimate the experimental p values, which is in line with the results obtained with other systems in this (17) and other laboratories (13) . Very recently (10), we have extended the theory of Watterson and White to consider the presence of a dynamic Stern layer onto the particle surface. The idea has been suggested from the affirmation that the additional surface conductance mechanism onto the surface of the particles (24) is more a rule than an exception in colloid science (25) . In general, the inclusion of this conductance mechanism seems to give a better description of the electrokinetic phenomena, for electrophoresis and DC conductivity (26) as well as for dielectric spectroscopy (27) . Therefore, this mechanism has been included in the primary electroviscous effect (10) because the same theoretical considerations are the basis for these different electrokinetic phenomena. In this sense, apart from an interest in the primary electroviscous effect as a fundamental rheological property of colloidal systems, a comparison of the experimental results with the theoretical predictions of the different theories can serve as a severe test of their basis. The reader is referred to (10) for details on the inclusion of a dynamic Stern layer into the Watterson and White theory of the primary electroviscous effect (8) . In this new situation it is necessary to determine the ζ -potential from the electrophoretic mobility data of our systems by using a theory which takes into account the presence of a dynamic Stern layer at the solidliquid interface. This is the case of the Mangelsdorf and White theory (25) , which is obtained by including this conductance mechanism into the O'Brien and White theory (23) . These ζ -potentials are shown in Table 1 . To calculate ζ and p with the dynamic Stern-layer inclusion, it is necessary to estimate some Stern-layer parameters. These parameters enter in the equations through the dimensional quantities
where N is the number of ionic species, k Boltzmann's constant, e the proton charge, T the absolute temperature, σ d the surface charge density in the diffuse layer, C 2 the outer Sternlayer capacitance, a the particle radius, ζ the zeta potential, z i the valence, n Based upon the surface charge of alumina suspensions obtained from potentiometric titrations (18) , and that the mobility of ions the Stern layer should be less than in the bulk, the Sternlayer parameters used to determine ζ MW and p s are 8.33 µC/cm 2 for the maximum surface charge of counterions in the Stern layer, and 0.6 for the ratio between the drag coefficients of counterions in the bulk and in the Stern layer. On the other hand, a saturated Stern-layer was assumed, which means that all sites are occupied by counterions. In the last column of the Table 1 are shown the p s values obtained with the inclusion of a dynamic Stern layer in the Watterson and White theory (10) by using ζ MW and the Stern layer parameters. As can be seen, the inclusion of a dynamic Stern layer supplies a much better agreement between experimental data and theoretical results. These results support the idea that this surface conductance mechanism plays a certain role in the electrokinetic behavior of our systems. Certainly, the correction is relatively low, but if the p ww values were of the same order of magnitude as the experimental ones, the correction by the inclusion of a dynamic Stern layer will supply a more determinant correction. We think that the assumptions of the classical primary electroviscous effect theories should be revised, to include the surface conductance mechanism as a correction effect. The most serious difficulty when we want to consider a dynamic Stern layer is that the number of unknown quantities must be adjusted. We think that the combination of different electrokinetic techniques will permit us to determine more definitively the value of these parameters. This will be a future work.
